Many biodiversity hotspots are located in montane regions, especially in the tropics. A possible explanation for this pattern is that the narrow thermal tolerances of tropical species and greater climatic stratification of tropical mountains create more opportunities for climate-associated parapatric or allopatric speciation in the tropics relative to the temperate zone. However, it is unclear whether a general relationship exists among latitude, climatic zonation and the ecology of speciation. Recent taxon-specific studies obtained different results regarding the role of climate in speciation in tropical versus temperate areas. Here, we quantify overlap in the climatic distributions of 93 pairs of sister species of mammals, birds, amphibians and reptiles restricted to either the New World tropics or to the Northern temperate zone. We show that elevational ranges of tropical-and temperate-zone species do not differ from one another, yet the temperature range experienced by species in the temperate zone is greater than for those in the tropics. Moreover, tropical sister species tend to exhibit greater similarity in their climatic distributions than temperate sister species. This pattern suggests that evolutionary conservatism in the thermal niches of tropical taxa, coupled with the greater thermal zonation of tropical mountains, may result in increased opportunities for allopatric isolation, speciation and the accumulation of species in tropical montane regions. Our study exemplifies the power of combining phylogenetic and spatial datasets of global climatic variation to explore evolutionary (rather than purely ecological) explanations for the high biodiversity of tropical montane regions.
INTRODUCTION
Montane regions are hotspots of species richness and endemism for many taxa, especially in the tropics [1, 2] . Tropical mountains are also often outliers in macroecological studies that correlate species richness with present-day climate, suggesting that montane diversity and endemism might be attributed to historical or evolutionary factors in addition to contemporary ecological processes [3 -5] . Yet we know surprisingly little about the processes that lead to increases or decreases in species richness (i.e. speciation, extinction and dispersal) in montane systems [6] [7] [8] . Thus, testing mechanistic hypotheses that link the high species richness of tropical montane systems to evolutionary and biogeographic processes is an important challenge for macroecologists and biogeographers.
In a highly influential paper, Janzen [9] noted that tropical mountains generally experience less seasonal variation in temperature relative to temperate mountains. This, he argued, would result in greater thermal stratification along elevational gradients in tropical montane systems than in temperate montane systems. Janzen went on to suggest that such extreme stratification selects for organisms with narrower thermal tolerances in tropical mountains, resulting in reduced dispersal over high-(and low-) elevation passes. Since the publication of his seminal paper, several studies have confirmed Janzen's predictions; in tropical montane regions species exhibit greater turnover along elevational climatic gradients, occupy more restricted elevational ranges and thermal regimes, and have narrower thermal tolerances [10 -16] .
Although Janzen [9] did not explicitly attempt to explain why the tropics harbour so many more species relative to other regions, there are obvious connections between his conjectures and evolutionary mechanisms promoting geographical variation in species richness [12, 17] . If species from temperate-zone mountains generally inhabit broader thermal regimes (and have correspondingly broader thermal tolerances) relative to tropical species, then even the climatic differences between many mountaintops and valleys in the temperate zone may not be dramatic enough to act as dispersal barriers that promote isolation and speciation. In contrast, if tropical species adapt to narrower thermal regimes in response to the limited overlap in temperature at different elevations, then at least two mechanisms might promote greater opportunities for speciation along tropical mountains. If the thermal regimes and thermal tolerances of tropical species are more evolutionarily conserved than those of temperate species, then populations inhabiting adjacent mountaintops or valleys should experience greater isolation and increased opportunities for allopatric speciation [18] . Alternatively, the greater climatic stratification of tropical mountains might increase the likelihood of in situ divergence of populations and parapatric speciation along elevational climatic gradients [17, 18] . The former scenario implies niche conservatism at speciation whereas the latter implies niche divergence.
These alternative pathways to tropical speciation predict contrasting patterns of evolution in the elevational distributions and thermal regimes of tropical versus temperate sister species. If thermal niches tend to be more conserved in the tropics than in the temperate zone (thereby promoting greater opportunities for allopatric speciation), then tropical sister species should inhabit similar elevational zones, and thus display a greater overlap in their thermal regimes, than temperate sister species [17] . In contrast, if the stronger elevational zonation of climate in the tropics drives speciation by promoting increased specialization of populations to non-overlapping thermal conditions, then sister species should exhibit a lesser overlap in their elevational distributions and thermal regimes in the tropics relative to the temperate zone [17] .
Despite the potentially important linkages between climatic zonation and the build-up of species richness, few studies have examined the relationship between latitude, thermal-niche variation and speciation. Kozak & Wiens [17] compared the elevational and thermal overlaps of temperate and tropical sister species of plethodontid salamanders and found evidence for greater divergence in the thermal regimes of tropical species. In addition, rates of climatic niche divergence in these salamanders are positively correlated with rates of clade diversification and with latitudinal variation in species richness [19] . However, studies on other taxa have found no consistent relationship between latitude and the divergence or conservatism of sister species' thermal regimes [20] , nor that rates of thermal regime divergence are actually slower in the tropics [21] . Thus, whether a general relationship between latitude, climatic zonation and speciation exists is unclear and requires further study across a wider range of taxa.
Here, we explore the relationship between spatial variation in climate and speciation in tropical and temperate mountains across 93 pairs of sister species identified from published molecular phylogenetic analyses. The selected species represent several major groups of terrestrial vertebrates and encompass taxa with a wide range of thermoregulation strategies and dispersal abilities. We used climatic information extracted from species' locality data (i) to test the prediction that tropical species occupy narrower elevational ranges and thermal regimes across their ranges than temperate species, and (ii) to examine whether tropical sister species overlap more or less in their elevational ranges and thermal regimes than do temperate sister species.
MATERIAL AND METHODS
To characterize the elevational and thermal regimes of species, we constructed a database of 33 304 georeferenced localities representing known occurrence sites for 190 species from five vertebrate groups (bats, birds, frogs, lizards and snakes) occurring in the New World (electronic supplementary material, appendix A). We selected these species because they were included in published (mostly molecular) phylogenetic analyses that allowed us to identify pairs of sister species for analyses. Such pairs were identified only when 80 per cent or more of the members of the clade under study (e.g. a genus) had been included in a phylogenetic analysis. To be included in the dataset, each pair of sister species had to be restricted to either the tropics or temperate zone in continental areas of the New World. Further, at least one species in each pair was restricted to montane areas (above 1000 m), but in some pairs, especially of bats, one species also extended to the lowlands. Temperate-zone species were defined as those with distributions restricted to latitudes north of 308 N and tropical-zone species as those with distributions south of 308 N. We did not consider species from temperate South America, given the marked differences in climate between hemispheres [22, 23] . The degree of overlap of the geographical distributions of species was not a criterion used to include them in our database, but in general sister species were allopatrically or parapatrically distributed (electronic supplementary material, appendix A). In total, we gathered data for 95 pairs of sister species. However, because sequence Latitude, climate and speciation C. D. Cadena et al. 195 data for species in two of the pairs were lacking (identification of sister species in these cases was based on morphology-based phylogenies), only 93 species pairs were included in our analyses of sister species (51 tropical and 42 temperate). All 190 species, however, were included in our analyses of elevational range and thermal regime width (described below).
To associate known occurrence sites with environmental data, we obtained georeferenced localities for all study species from the Global Biodiversity Information Facility portal (http://www.gbif.org/). Using ARCGIS v. 9.2, we then superimposed them on temperature layers at a 1 km 2 resolution obtained from the WorldClim database [24] , and on a digital elevational model at 0.0625 km 2 resolution obtained from the Shuttle Radar Topography Mission (http://www2. jpl.nasa.gov/srtm/). Prior to conducting analyses, we inspected the data for georeferencing errors and excluded obviously misplaced localities. We also discarded localities above and below the 97.5 and 2.5 percentiles of the elevation data for each species as probable outliers. We calculated the elevational range for each species as the difference between the maximum and minimum elevations across all localities.
To characterize the thermal regime of each species, we first extracted the maximum temperature of the warmest month (Bio5) and the minimum temperature of the coldest month (Bio6) for each of its collection sites. We then calculated the width of the thermal regime of each species as the difference between its maximum observed value of Bio5 and its minimum observed value of Bio6. We calculated the degree of overlap in elevational ranges of sister species by dividing the amount of overlap by the elevational range of the species with the smaller range [17] . Therefore, our metric of elevational overlap ranges from 0 (no overlap in elevation) to 1 (complete overlap).
To estimate the degree of overlap in the thermal regimes of sister species, we first estimated the monthly temperature range experienced by each species by calculating the mean minimum and mean maximum temperature across all of its collection sites. We then calculated the overall temperature overlap for each sister species pair using the formula
where R Ai and R Bi are the ambient temperature ranges experienced by species A and B, respectively, for month i, and o i is the overlap of R Ai and R Bi (in 8C) for month i [17] . Because the possible range of temperatures that a species can experience differs between regions (i.e. tropics versus temperate zones), this formula standardizes the temperature overlap by the width of each species's thermal regime. Thus, this index is a measure of relative overlap ranging between 0 and 1 for each month, with the total annual temperature overlap ranging between 0 and 12. Species can restrict the breadth of temperatures they experience by regulating activity times or selecting appropriate microhabitats. Biotic interactions might also restrict a species to a subset of the temperatures that it could otherwise tolerate. Therefore, we do not assume that thermal regime widths calculated from macroclimatic conditions are equivalent to species' actual thermal tolerances. However, our approach does assume that some relationship exists between the large-scale thermal variation across the geographical range of a species and its thermal tolerance. Previous studies have examined the relationship between thermal regime widths estimated from macroclimate data and thermal tolerance/performance breadth, and have generally found that these variables are positively correlated [12, 23, [25] [26] [27] [28] .
To test whether tropical species inhabit narrower elevational ranges and narrower thermal regimes than temperate sister species, we first calculated the standardized residuals of a linear regression between the number of localities sampled per species and species' elevational and temperature ranges. This approach was used to control for any effect of sample sizes on the estimated ranges. After testing for assumptions of parametric analyses, we ran one-way analyses of variance (ANOVAs) using these standardized residuals as dependent variables and region (temperate or tropical) as a factor [17] . These analyses were conducted for all taxa pooled, as well as separately for each major taxon.
Changes in the geographical ranges of species occurring after speciation can influence inferences made about the geographical and ecological contexts in which speciation occurred [29] . Because range shifts are more likely to occur over longer periods of time and because the ages of sister species may vary with respect to latitude [30] , testing for regional differences in temperature and elevational overlap requires controlling for regional variation in divergence times between species. Therefore, we used analyses of covariance (ANCOVAs) to examine differences in elevational and temperature range overlap between temperate sister species and tropical sister species, while controlling for the effect of divergence times as indexed by genetic distances. If elevational and temperature overlaps are explained by regional variation in opportunities for post-speciational range shifts, rather than by differences in the degree of climatic zonation, then one would expect a significant interaction between timing of sister taxon divergence and region to explain these measures of overlap. To set up these analyses, we obtained mitochondrial DNA sequence data for all species in the analyses from GenBank (electronic supplementary material, appendix A) and calculated uncorrected p-distances (% sequence divergence) between sister species as a surrogate for divergence times. ANCOVAs included elevational and temperature overlaps as dependent variables, region (temperate or tropical) as main factor, p-distance as a covariate to control for divergence times and number of localities as a second covariate to control for differences in sample sizes. We acknowledge that rates of molecular evolution may not be constant across all species. However, using p-distance as a covariate simply assumes that there is a positive relationship between divergence time and genetic distance, not that rates of molecular divergence are constant across all sister species pairs.
We conducted sensitivity analyses to assess the robustness of our results to alternative analytical treatments of the data, including (i) restricting analyses to species with more than 20 locality records, and conducting comparisons of elevational and thermal ranges using raw data (not residuals of the regression between these ranges and number of localities); (ii) calculating elevational overlap using the same formula used to calculate temperature overlap; and (iii) calculating temperature overlap using the formula described by Janzen [9] and not that of Kozak & Wiens [17] . Because none of these procedures led to results different from those obtained using the methods described above, we do not comment on them further, but describe them in the electronic supplementary material, appendices B -G.
RESULTS
Considering all five vertebrate groups together and all species (i.e. analyses not restricted to sister species comparisons), we found no strongly significant differences in the elevational ranges of temperate versus tropical species although the analysis was marginally non-significant (ANOVA: n ¼ 190, F ¼ 3.283, p ¼ 0.072; figure 1 ). When we analysed each group separately, only bats showed the expected pattern of significantly wider elevational ranges for temperate species than for tropical species (n ¼ 30, F ¼ 3.589, p ¼ 0.034); snakes showed a similar but non-significant trend (n ¼ 28, F ¼ 1.463, p ¼ 0.237; figure 1 ). The other three groups showed trends counter to the prediction, but differences in the elevational ranges of temperate and tropical species were significant only for birds (birds: n ¼ 60, F ¼ 11.391, p ¼ 0.001; frogs: n ¼ 40, F ¼ 0.914, p ¼ 0.345; lizards: n ¼ 32, F ¼ 2.683, p ¼ 0.112; figure 1 ). By contrast, analyses combining data from all groups and independent analyses of each of the groups consistently supported the prediction that temperate species occur over significantly larger temperature ranges than do tropical species (ANOVA: all groups: n ¼ 190, 
DISCUSSION
We explored the relationship between elevational climatic zonation and speciation by comparing latitudinal patterns of variation in the thermal regimes of 93 pairs of vertebrate sister species. Consistent with the predictions of Janzen's climatic zonation hypothesis [9] , we found that the geographical distributions of tropical species encompass narrower thermal regimes than those of temperate species from the Northern Hemisphere in the New World. However, in contrast to recent studies on salamanders [17] and frogs [20] , we found that sister species tend to exhibit a greater overlap in their thermal Latitude, climate and speciation C. D. Cadena et al. 197 regimes in the tropics than in the temperate zone. Together, these results provide new insights on the evolutionary and biogeographic processes associated with the high species richness of tropical montane regions. Specifically, our study suggests that the thermal niches of tropical sister species tend to be narrower and more evolutionarily conserved than those of temperate sister species. As a result, populations may generally experience greater opportunities for isolation and allopatric speciation across elevational thermal gradients in tropical than in temperate montane regions. Palaeontological and neontological studies have documented patterns of diversification consistent with the idea that rates of speciation are faster at lower latitudes (but see [30] , reviewed by [31] ). Some investigators have proposed that latitudinal variation in climatic zonation might contribute to this pattern by driving faster speciation in tropical montane organisms [12, 17, 19, 20, 32] . However, it has remained unclear whether the greater climatic zonation of tropical mountains might promote speciation by increasing opportunities for allopatric isolation of populations with evolutionarily conserved thermal regimes, or by driving adaptive divergence of populations distributed along elevational climatic gradients [12, 17, 18, 20, 32, 33] . Based on our expanded sampling of vertebrate taxa, we find that thermal regimes of tropical sister species are generally more conserved than those of temperate ones, suggesting that the greater stability of temperature regimes along tropical mountain slopes could increase opportunities for isolation and allopatric speciation.
Of course, our results only indirectly support the idea that thermal tolerances of species are narrower and more evolutionarily conserved in tropical mountains relative to temperate ones. If species restrict the breadth of temperatures they experience by selecting appropriate microhabitats, regulating activity times or hibernating (especially at higher latitudes), then the use of macroclimatic data could overestimate the actual thermal tolerance breadths of species. However, the few studies that have systematically examined latitudinal variation in thermal tolerance have found a positive relationship between latitude, thermal regime breadth and thermal tolerance range [13, 17, 23, [25] [26] [27] [28] 34] , although interspecific variation in thermal tolerance breadth increases with latitude as a result of the presence of species engaging in periods of extended inactivity [23] . Thus, based on available evidence, our results do not appear to be driven by a greater mismatch between thermal regime breadths and thermal tolerance ranges in the temperate zone. Regardless, explicit tests of whether thermal regime, thermal tolerance, the thermal sensitivity of performance and the ability for thermal acclimation are correlated at geographical scales are sorely needed [35] .
Similarly, if biotic interactions (e.g. competition) limit the ranges of species [36, 37] , then thermal regime widths inferred from geographical distribution data may encompass only a subset of the thermal conditions that species can tolerate. Although biotic interactions are generally thought to be stronger in the tropics [38] , there is some evidence to the contrary. For example, Huey [10] found that the turnover of species along tropical versus temperate elevational gradients is unrelated to variation in the number of co-occurring species, a finding that contradicts the idea that competition plays a greater role in driving faunal turnover in the tropics. Likewise, in treefrogs, competition appears to play a role in community assembly in the temperate zone, but not in the tropics [39] . It also seems unlikely that the latitudinal trends we document here are explained entirely by mismatches between the realized and fundamental thermal niches of species. First, given the stronger thermal gradients in tropical mountains, one would expect sister species to have divergent thermal niches, which is the exact opposite of the trend that we recovered. Second, interactions between species should reinforce any impacts of elevational climatic zonation on the physiological tolerances of species. For example, competitive interactions would be more likely to prevent a tropical than a temperate species from encountering a wide range of climatic conditions. Over evolutionary time, one might reasonably expect such pre-emptive occupation of geographical space to cause tropical species to become more physiologically specialized than temperate species. Thus, latitudinal patterns in thermal niche evolution may ultimately arise as a result of interactions between abiotic and biotic factors [19] . In contrast to the predictions of Janzen's climatic zonation hypothesis and the results of a recent study that quantified vertebrate elevational range sizes across latitude [15] , we did not find that tropical species had narrower elevational extents than temperate species. However, we point out that patterns of thermal variation, rather than elevation per se, formed the core of Janzen's idea. If species shift their elevational ranges locally to track preferred temperatures (e.g. moving to higher elevations at lower latitudes and vice versa), then rangewide measures of elevational ranges (as we report here) are likely to provide a misleading proxy for the range of thermal conditions over which a species occurs [40] . Previous studies focused on local transects or single mountains [9, 10, 15] have not encountered this additional complexity, which may emerge when the ranges of elevations occupied by multiple populations of any given species are evaluated. Future studies should address whether populations of elevationally wide-ranging species show a greater propensity for local thermal adaptation in the tropics relative to the temperate zone (e.g. low seasonality in the tropics may enable local adaptation of physiology at small scales more readily).
Our inferences assume that the geographical and ecological contexts of speciation have not been obscured by regional differences (i.e. tropics versus temperate zones) in opportunities for post-speciational changes in the distributions of species. By including genetic distance between species as a covariate in analyses (a surrogate for the time available for post-speciation range shifts), we have attempted to reduce this potential source of error. Genetic distances did not vary significantly between temperate and tropical species in our dataset, suggesting that regional differences in the time available for species ranges to change in position and size [30, 41] do not explain the latitudinal trends that we found, although we note that the rate at which species distributions shift following speciation can vary with latitude [42, 43] . Further, we cannot rule out the possibility that species in both regions have shifted their elevational and climatic distributions since their formation in response to climate change, mountain uplift or species interactions [36, 44, 45] . Nevertheless, it is difficult to envision how extensive post-speciation range shifts would result in a statistically significant, rather than random, pattern of the thermal overlap of tropical versus temperate sister species. Regardless, genetic studies of inter-population migration rates will be critical to further test the hypothesis that climatic gradients on mountains are stronger barriers to dispersal in the tropics compared with temperate systems.
Our results suggest that the thermal niches of tropical vertebrates are generally more conserved at the level of sister species than are those of temperate ones, a result consistent with a recent analysis focused on mammals using a different comparative approach [21] . However, exactly why tropical species should exhibit greater conservatism of their thermal niches is unclear and will require further study. One possible explanation is that greater climatic stability in the tropics over time [46] has promoted phylogenetic conservatism in the thermal niches of species. Alternatively, but non-exclusively, biotic interactions in the tropics could restrict the climatic distributions of lineages over time [47] .
Although our results suggest that climatic niches of vertebrate sister species are generally more conserved in the tropics than in the temperate zone, this pattern is not universal. For example, the narrower thermal tolerances of tropical plethodontid salamanders lead to a greater tendency for climatic niche divergence and speciation along elevational climatic gradients [17] . In general, the greater climatic zonation of tropical mountains should increase opportunities for either allopatric or parapatric speciations. However, the extent to which such climatic zonation triggers speciation along elevational gradients may ultimately depend on the balance between dispersal and selection [48] . Thus, one might predict that ecological speciation through climatic niche divergence along mountain slopes would be more prevalent in tropical taxa with the most limited dispersal abilities. Among the vertebrate taxa examined to date, plethodontid salamanders exhibit the most extreme spatial genetic structuring of populations [49] , suggesting that they are probably more dispersal-limited than birds, mammals, reptiles and anurans. Thus, differences in dispersal abilities might explain the different speciation patterns between plethodontids and other vertebrate taxa.
Taken together, and bearing in mind the potential shortcomings of exploring thermal regime variation from distributional data, our results suggest that tropical sister species exhibit greater evolutionary conservatism in their thermal niches than temperate sister species. Although numerous studies have documented dramatic differences in species richness and rates of diversification between the tropics and temperate zones, few have quantified, to the extent demonstrated here, how the interplay between climatic conditions, the evolution of species' niches and speciation might shape patterns of diversity. This work, we hope, will inspire more detailed examination of the physiological mechanisms that might underlie the patterns we document here, and whether and how they influence variation in speciation mechanisms among taxa and latitudes.
